A B S T R A C T Isolated cat right ventricular papillary muscles were used to study the effects of antibodies with high affinity for ouabain and acetyl strophanthidin on myocardium exposed to these cardioactive steroids. strophanthidin-antibody complex did not alter the myocardial contractile response to subsequently added cardioactive steroids.
INTRODUCTION
Several recent studies have shown that cardiac glycosidespecific antibodies can reverse established effects of digitalis glycosides in biological systems (1) (2) (3) . In addition to reversal of cardiac glycoside-induced effects on in vitro systems, it has been demonstrated that advanced cardiac digoxin toxicity in the intact dog can be reversed by digoxin-specific antibody (4, 5) .
To assess the effect of cardiac glycoside-specilic antibody on digitalis-treated myocardium, we have studied the effects of ouabain-specific antibody on isolated cat right ventricular papillary muscles exposed to ouabain and acetyl strophanthidin. In the experiments to be described, special attention has been directed to (a) the time-course of reversal of digitalis-induced inotropy by antibody and its relation to reversal of inotropy by washout alone; (b) the effect of congestive heart failure, induced by chronic pulmonary artery constriction, on papillary muscle responses to digitalis and specific antibody; (c) the relation of cardioactive steroid concentration to specific antibody concentration required to reverse established effects; (d) the question of whether
The Journal of Clinical Investigation Volume 53 June 1974 . [1655] [1656] [1657] [1658] [1659] [1660] [1661] 16i55 addition of specific antibody will adversely affect contractility beyond the effect expected from removal of cardioactive steroid from myocardial receptor sites; (e) the question of whether the presence of digitalisantibody complex will alter the response to additional digitalis added to the bath; and (f) the relation of antibody effects on digitalis-induced automaticity and contracture to reversal of inotropy.
METHODS
Crystalline ouabain and acetyl strophanthidin were donated by Dr. C. T. Chiu, Eli Lilly & Co., Indianapolis, Ind.)
[3H]ouabain (11.7 Ci/mmol) was obtained from New England Nuclear, Boston, Mass. Thin-layer chromatography on silica gel G with a chloroform: methanol:water (65: 30:5) solvent system showed that 96% of counts were present in a single peak with the mobility of native ouabain.
Immunological methods. Antibodies of high affinity for ouabain and acetyl strophanthidin were raised in rabbits by repeated injection of a conjugate of ouabain covalently linked to a poly D,L-alanyl derivative of human serum albumin, as previously described (6) . The average intrinsic affinity constant for ouabain of the antibody population used in the present studies, as determined by equilibrium dialysis, was 1.6 X 10' M-1 (6) , and cross-reactivity experiments with acetyl strophanthidin demonstrated an affinity of the same order of magnitude (6, 7) . Gamma globulin fractions were prepared by ammonium sulfate fractionation (8) Responses of 12 normal and 7 failure muscles to 4 X 107 M acetyl strophanthidin are summarized in Fig. 2 . Developed tension increased from a mean of 4.2+0.5 to 7.3±0.4 g/mm' in normal muscles (P < 0.001) and from 1.6±0.1 to 2.8±0.3 (P <0.01) in failure muscles. The percentage increments' for normal and failure muscles were similar at 89±14% and 85±16%, respectively. As in the case of -exposure to ouabain, increases in dT/dt were greater on an absolute scale for normal (from 35±4 to 58±4 g/s per mm') than for failure muscles (from 14±1 to 24±3), but the percent increase in normal muscles was not significantly different from that in failure muscles. FIGURE u S B , X . . . . . . . . . . . . . . . . . . . . . . . . Fig. 4 , the mean time for half-reversal of the inotropic effect of ouabain was similar in both normal (124±6 SEM min) and failing (138±24 min) papillary muscles.
Reversal of acetyl strophanthidin-induced inotropy (Fig.  4) was substantially more rapid, averaging 37±3 min in normal muscles and 39±4 min in failing muscles. Fig. 5 compares the times for half-reversal of ouabain and acetyl strophanthidin-induced inotropy by specific antibody and by washout. Removal of ouabain or acetyl strophanthidin from the muscle bath by repeated washout alone resulted in a mean time for half-reversal of ouabain inotropy of 181±24 (SEM) min in five muscles, significantly longer than the time for half-reversal by antibody (P < 0.05). Similarly, acetyl strophanthidin washout resulted in a mean time for half-inotropy reversal of 63±5 min in five muscles, significantly longer than that for antibody reversal (P < 0.001). Augmentation of contractile force resulting from ouabain or acetyl strophanthidin was later accompanied by development of spontaneous automaticity in eight muscles, five of which were from normal animals and three from animals with chronic pulmonary artery constriction. Fig. 6 shows the course of events in an experiment in which exposure of the papillary muscle to 4 X 10-M ouabain resulted in development of spontaneous judged by decreases in both developed tension and rate automaticity as peak inotropic effect was reached. Addiof tension development) to the same base-line levels as before addition of acetyl strophanthidin. In each experiment, addition of specific antibody in 1. tion of a 1.5-fold excess of specific antibody resulted in disappearance of ouabain-induced automaticity after 4 min, at a time when the positive inotropic effect of ouabain was still fully manifest. In each of the eight such, instances observed, addition of specific antibody abolished automaticity within 6.6 min (mean-+SEM, 3 .2±40.6 min), and the positive inotropic effect of ouabain or acetyl strophanthidin was still manifest at the time of automaticity reversal. Early mechanical toxicity resulting in progressive contracture was also reversed by specific antibody in each of three experiments in which antibody was added to the muscle bath within 5-10 min of the onset of progressive contracture. Addition of control gamma globulin had no effect upon cardioactive steroid-induced automaticity (three experiments) or contracture (two experiments) over observation periods of 30-60 min.
DISCUSSION
An interesting potential therapeutic approach to the problem of advanced, life-threatening digitalis toxicity has followed from the demonstration by Butler and Chen that digoxin coupled to suitable protein carrier molecules could elicit digoxin-specific antibodies in animals immunized with this conjugate (13). Schmidt and Butler showed that immunization with a digoxinserum albumin conjugate substantially increased the resistance of rabbits to potentially lethal doses of digoxin (14) . They further determined that passively administered digoxin-specific antibody could reverse established cardiac digoxin toxicity in the dog (4), a finding confirmed in our own laboratory (3, 5) . Consistent with these data are the studies of Mandel Butler (19) for the removal of [3H]digoxin from human erythrocytes by digoxin-specific antibody. The rate of antibody reversal of effect would thus be dependent on the rate constant for drug-receptor dissociation and the relative effective concentrations and association rate constants of myocardial receptors and specific antibodies. Effective antibody concentration, in turn, is dependent upon the rate of diffusion into the papillary muscle. More rapid reversal of acetyl strophanthidinthan ouabain-induced inotropy is probably related to more rapid acetyl strophanthidin-receptor dissociation kinetics compared with those of ouabain. Antibody reversal of inotropy at a rate more rapid than that resulting from drug washout alone could result from diffusion of antibody throughout the papillary muscle interstitial space, thus shortening the diffusion distance for effective removal and preventing rebinding to another receptor site. Very rapid kinetics of ouabain binding to ouabain-specific antibody have recently been documented in our laboratory,' with second-order association rate constants of the order of 107 M' s' at 220C, consistent with this proposed mechanism. The observation that the effects of added ouabain or acetyl strophanthidin were not influenced by the presence of cardioactive steroid-antibody complex is also consistent with this hypothesis.
With due respect for the hazards of extrapolating these experimental results to potential clinical situations, it is reassuring that inotropy reversal proceeded to but not below pre-cardioactive steroid treatment levels in both normal and failing papillary muscles, and that the time course of inotropy reversal in both types of muscles was relatively slow in relation to reversal of toxicity as evidenced by automaticity and contracture. The observation that near-stoichiometric amounts of antibody binding sites were sufficient to reverse digitalis-induced automaticity and contracture is also important. Although cat papillary muscle has not been extensively studied in terms of electrophysiologic responses to cardiac glycosides, it seems likely that the typical toxic changes in transmembrane action potential observed in other cardiac tissues, including loss of resting potential and increased 'K. Skubitz and T. W. Smith. Unpublished experiments.
slope of spontaneous diastolic depolarization (15, 20) underlie the appearance of spontaneous automaticity observed in the present experiments. In view of circumstantial evidence implicating (Na+ + K+)-ATPase as a receptor for both inotropic and toxic effects of cardiac glycosides (21, 22) , it is of interest that the specific antibodies used in these studies have previously been shown to reverse established ouabain inhibition of (Na+ + K+)-ATPase from canine myocardium (6) . This phenomenon may underlie, at least in part, the findings observed in the present studies.
